Abstract -A novel low-cost QFN (Quad Flat NonLeaded) package is introduced for GaAs MMIC packaging. The air-cavity QFN package is designed and implemented with an HTCC process using Alumina substrate. To operate the package up to 40 GHz, several key methods are proposed in this paper. A low noise and a buffer amplifier are packaged for practical application examples and compared with bare die measurements to verify the QFN package performance. A maximum of 4.5 dB insertion loss degradation occurred at 40 GHz. To authors' knowledge, this is the highest operating frequency for QFN type packages with low loss ever reported.
I. INTRODUCTION
Recently, several research activities have been reported for MMIC packages. Ceramic-based packages were introduced in [1] and [2] with high RF performances but required relatively high manufacturing costs. Plastic packages can reduce the material cost but have large fluctuation in CTE (Coefficient of Thermal Expansion), which induces fabrication inaccuracy. This kind of inaccuracy gives poor production yields as well as performance deterioration for the package. Organicbased packages were also introduced in 2004 [3] - [6] . Rogers 4003C/4350B materials were used for package construction in [3] - [6] . Organic-based packages have cheaper material cost and its relatively low dielectric constant enables extended operating frequency as reported in [7] . However, the general design rules of organic material processes limits high precision layer-tolayer registration for multi-layer package structure, and filled via sizes/locations are also limited due to the process nature. Organic-based packages reported in [3] - [5] operate up to Ku-band. Heijningen and Priday reported the organic-based package can be used up to 40 GHz in 2004 [6] , but the structure was fragile at the bottom layer due to thin copper plating inside a cavity. The organic-based package also has poor CTE, which reduces production yield together with RF performance deterioration. The plastic or organic-based packages also have outgas or erosive gas problems.
QFN (Quad Flat Non-leaded) packages are very popular in industry because of their low cost and easy availability. QFN packages usually have been used in lower frequency such as L, S or C band with relatively low power. Recently, Bessemoulin et al. succeeded in packaging and operating Ku-band MMIC with air-cavity QFN [8] with around 2-3 dB gain deterioration compared to the bare die.
In this paper, a very low-cost air-cavity ceramic QFN package operating up to 40 GHz is introduced. Design rules and methods to extend operation up to 40 GHz are described. Material cost for the package including ceramic lid is less than $1.00 per piece at 100,000 piece quantities. Since it uses ceramic material, it has low CTE, high layer-to-layer registration precision due to HTCC process, and it has no outgas or erosive gas problems, all of which reduce device's performance and lifetime. CST Microwave Studio [9] was used to perform 3D electromagnetic simulation, which uses FDTD algorithm for full wave electromagnetic simulations.
II. PACKAGE DESIGN
The structure of 5 mm x 5 mm, air-filled QFN package is illustrated in Fig. 1 . The package consists of two layers made of Alumina (Al 2 O 3 ) substrates with a dielectric constant of 9.8. The substrate thicknesses for layer 1 and 2 are 0.008 (200 m ) and 0.004 inches (100 m ), respectively. Two layers are co-fired using HTCC process. Since layer 1 needs to be laser drilled for filled via holes, it easily can lose its flatness during high temperature HTCC process if a thin substrate is used. If the thickness of layer 1 is too thick, it will have long RF vertical vias, which will increase parasitic inductance. The thick layer 1 substrate also increases parasitic parallel plate mode capacitance between top and bottom ground pads of layer 1, which limits RF performance of the package.
A method to minimize this parasitic capacitance will be discussed in detail later is this article. Another important issue is thermal resistance of the package. A thicker substrate will not be desirable for good thermal conductivity for power devices, affecting device's performance and lifetime. Therefore, it is important to choose proper thickness of layer 1.
One of the main limits for a QFN type package's operating frequency is long bonding wire/ribbon length. This creates large inductance at high frequencies, which causes significant impedance mismatches. The thickness of layer 2 is chosen to have an identical height to that of the GaAs MMIC substrate to minimize bonding wire/ribbon length. Layer 2 also has a cutout to accommodate a MMIC and single layer DC decoupling chip capacitors, and a 50 microstrip is etched from RF vias to cutout edges to achieve short wire/ribbon RF connections between the MMIC and the microstrip line on layer 2. The cutout on layer 2 is shown in Fig. 2 . In this work, 99.99% gold bonding ribbon with 0.003 inch width and 0.001 inch height is used since it has lower inductance than that of bonding wire. Another benefit of this structure is only the cutout and RF/DC line patterns of layer 2 need to be replaced to accommodate different dimensions of other MMICs while layer 1 remains the same as shown in Fig.  2 .
RF/DC and ground vias are filled with Tungsten, which has good thermal conductivity. Filled vias play important roles in both electrical grounding and thermal heatsinking of the package from top to bottom layer. The diameter for all vias is chosen to be around 0.008 inches.
Thermal simulation was performed using HEAT3 software [10] [7] . Therefore, this condition should be included as one of the design conditions for high frequency QFN packages. Electric field distributions of the package are illustrated in Fig. 3 . RF via location also affects RF performance. As shown in the circled area in Fig 3, part of electric fields is diverted in the top package's dielectric due to perturbation with the package dielectric to microstrip of RO4003C at the interface area. This kind of dielectric perturbation induces insertion loss and phase delay [12] . 
Fig. 2. Ceramic QFN package with two layers and filled vias (top view).
If the RF vias are located far inside the package, the length of perturbed microstrip on top of RO4003C would be long. This will cause severe insertion loss deterioration with large phase delay especially in Kaband [12] . For the same reason, the lid should not cover RF vias to prevent electric field from scattering to the lid area. Therefore, the RF vias need to be positioned as close as possible to the border of QFN package. The center of RF vias is located about 0.026 inches from the border of package.
The package needs to have an air-cavity structure for low insertion loss microwave and millimeter-wave applications. The dielectric constant of ceramic lid determines the spurious dielectric resonance in the millimeter-wave range. Low dielectric constant material gives a higher operating cut-off frequency of the package. For a ceramic lid material, Mullite (3Al 2 O 3 -SiO 2 ) was chosen, which has comparably low dielectric constant of 6.0. Each stage is configured to be self-biased at the low noise bias point, removing the need for a negative gate voltage for FET biasing. The device requires single +5 V supply for all thee stages in parallel, and draws about 50 mA total drain current. The MMIC is unconditionally stable.
B. Buffer Amplifier

XB1004 (Mimix Broadband
) is a single-ended, threestage buffer amplifier operating from 16 to 29 GHz. XB1004 offers two types of DC bias schemes. Two different types of biasing enable the device to operate in either low noise or buffer amplifier mode. Low noise amplifier mode can be operated at single +4.0 V supply for all stages in parallel with 90 mA total drain current. This bias condition yields around 3.0 dB noise figure from 16 to 29 GHz. The small signal gain with this bias is about +20 dB. The output 1dB compression point is about +15 dBm across the band. The buffer amplifier mode is operated at single +6.0 V supply for all stages in parallel with 180 mA total drain current. The small signal gain becomes about +23 dB, which is around 3 dB higher than low noise amplifier mode. The output 1dB compression point is also about +18 dBm, which is a suitable output power level for driving LO for passive mixers or other high power amplifiers. In this work, the buffer amplifier mode is used for the package test.
It also has been designed with Mimix Broadband's 0.15 m gate length GaAs pHEMT device technology. The first and the second stages have a total of 200 m gate width each. The third stage has a total of 400 m gate width. The device was fabricated on 100 m thick GaAs substrate and final MMIC has dimensions of 2.33 mm x 1.5 mm.
IV. MEASUREMENTS
The picture of packaged XL1000 is shown in Fig. 4 . A single layer chip capacitor with capacitance of 100pF is included inside the package for DC decoupling. The evaluation board was built with 0.008 inch height RO4003C substrate for mounting the packaged MMIC. The evaluation board was tested with a Wiltron universal test fixture. The measurements were de-embedded with RO4003C microstrip line and universal test fixture loss. The comparison between die and package is shown in Maximum return loss of 7 dB was achieved across the band.
The picture of packaged XB1004 MMIC is also shown in Fig.6 . Two 1nF single layer chip capacitors are used for DC decoupling for drain and gate. Maximum 3.5 dB gain deviation occurred at 29 GHz and return loss is better than 9 dB across the band. The average gain of 21 dB was achieved from 16 to 29 GHz. Small balanced tuning stubs were placed at the end of microstrip on Alumina, where the bonding ribbons are joining. This improves the insertion and return loss which are normally degraded by bonding ribbon's inductance. 
V. CONCLUSION
A ceramic based air-cavity QFN packages were designed and tested with two Ka-band MMICs. The design conditions for high frequency packaging were described and discussed. The material thickness of each layer was chosen to have good thermal conductivity, flatness, and low vertical via inductance. Ground via locations are optimized to enhance maximum operating frequency. The packaged MMICs have around 3 and 4.5 dB gain degradations at 29 and 40 GHz for XB1004 and XL1000, respectively. The developed package will find useful applications for high frequency MMICs with remarkably low cost.
